The Neisseria gonorrhoeae porin protein (Por) is a potential vaccine target and is the antigenic determinant for serovar typing. Two classes of Por, PIA and PIB, and antigenically distinct variants within each class result from sequence variations in the por gene variable regions (VRs) encoding surface-exposed loops. Oligonucleotide probes to 5 VRs of each class were used in checkerboard hybridizations to type 282 clinical gonococcal isolates selected from strains collected over the course of 10 years. PIA strains ( ) showed limited por diversity, n p 63 with 90% having 1 of 4 por types. PIB strains ( ) were more diverse, although several common por types n p 219 were identified that persisted over time. Variation within individual VRs was found to be limited. The present study provides information about the diversity of Por in strains circulating in a single geographic region over time, illustrates the utility of a novel por typing method, and has implications for vaccine development.
infections, which are especially common in women [3] . Gonorrhea is a major cause of pelvic inflammatory disease and its subsequent ectopic pregnancies and infertility. At present, there is no available vaccine against N. gonorrhoeae.
Por is the major outer-membrane protein (OMP) of N. gonorrhoeae and is closely related to the PorB OMP of Neisseria meningitidis. The protein has 8 predicted surface-exposed loops and forms a trimer in the outer membrane. Genetic variability occurs in regions encoding these surface loops, whereas the membranespanning regions are conserved [4] [5] [6] [7] . The protein is encoded by a single copy gene, por, which has 2 alleles, PIA and PIB. One of these 2 alleles is expressed in all strains. Por, unlike other major surface antigens, such as pili, PII, and lipopolysaccharide, is antigenically stable during the course of an infection [5] . The protein acts as an anion-selective porin [8] and is essential for cell viability. It also has the ability to insert itself into the cell membrane of eukaryotic cells, which may play a role in pathogenesis [5, 9] . Antibodies to Por are bactericidal; they promote complement-mediated kill-ing and opsonization and inhibit bacterial interaction with epithelial cells [5, 7] . These attributes make Por an attractive vaccine component. However, variation between strains and conflicting data regarding natural immunity to Por after infection raise questions about the role of Por in vaccine development. To address these concerns, a more accurate understanding of Por diversity and mechanisms of variation over time is needed.
Serovar typing, a phenotypic classification method that involves Por, is determined by the pattern of agglutination of whole bacteria with a standard panel of 6 monoclonal antibodies (MAbs) to PIA and 6 MAbs to PIB [10] . These antibodies bind to epitopes on the Por molecule. This method has provided useful information; however, it requires the continued availability of the panel of MAbs, produces results that are not always reproducible over time [11] , and has a relatively low discriminatory power, even when combined with auxotyping [12] . Furthermore, serovar data lack specific information about Por diversity and variation of specific antigenic regions of Por, because few of the epitopes of the MAbs have been mapped. Por sequencing has shown that most of the diversity occurs in a few variable regions (VRs) and that much of the variation of por occurs through horizontal genetic exchange [13, 14] . Por sequencing has been shown to be a useful typing method [14, 15] . However, por sequencing is not available to many researchers and may not be easily applicable to large numbers of strains.
Because of the interest in Por as a vaccine component and its previous use in identifying and tracking strain variation, we have explored a molecular typing method based on VRs in the por gene [16] . This method can approximate sequence data and, with an expanded panel of oligonucleotide probes, we have used it to study por variability over time in a single community with a high disease prevalence, to examine relationships among individual VRs, and to evaluate the applicability of this typing method to epidemiological studies.
MATERIALS AND METHODS
N. gonorrhoeae strains. The strains analyzed in the present study were obtained from 2 public health clinics in Baltimore, Maryland, and were collected during 1991-2000. The samples from the years 1991, 1992, 1999, and 2000 were collected as part of the Gonococcal Isolate Surveillance Project (GISP) at the Druid Clinic. This project obtains the first 25 positive gonococcal cultures found each month in male patients seen at selected clinics. The cultures from the years 1993, 1994, 1995, 1996, 1997 and, 1998 were collected from the Druid and Eastern Clinics as part of other studies that included both male and female patients. Each study involved a systematic recruitment of subjects. All strains were received as frozen stock cultures that had been stored at Ϫ70ЊC in Greaves solution.
Control strains 1861, 5441, 5589, 9299, and 3744 were obtained from M. M. Hobbs (University of North Carolina School of Medicine, Chapel Hill), strain FA19 was obtained from J. Cannon (University of North Carolina School of Medicine), strains 2432 and W062 were obtained from L. Wetzler (Boston University School of Medicine), strains PI83 and S62 were obtained from C. Ison (Imperial College School of Medicine, London), and strains MS11, 909, 256, 7, 133, and 911007 were from the authors' collection. They were processed in the same manner as the study samples.
Oligonucleotide probes. The biotin-labeled oligonucleotide probes were designed, on the basis of multiple sequence alignments, to match coding regions for the VRs found within the predicted surface-exposed loops (figure 1) [16] . Probes were designed for PIA VRs 1, 2, 3, 6, and 7 and PIB VRs 1, 3, 5, 6, and 7 (tables 1 and 2). So that all the probes could be used in a checkerboard hybridization, they were designed to have similar melting temperatures (T m ) (range, 56.6ЊC-58.7ЊC) and were diluted on the basis of empirical performance, to equalize the strength of the hybridization signals. On average, we used approximately the same concentration of probes used in our previous study in conventional hybridization bags (range, 5-500 ng/mL). The probes used in a previous study for the regions of the por gene encoding PIB loops 1, 5, and 6 were redesigned by extending the 5 or 3 end to adjust the T m , and an additional VR 5 probe (PIB5-9) was added on the basis of the VR 5 sequence of a strain that was among a number of strains found to be nontypeable in this VR (data not shown). However, the nomenclature regarding VR sequence remains the same [16] .
Polymerase chain reaction (PCR) amplification. Genomic DNA from the sample and control strains was isolated by the Wizard Genomic DNA Purification Kit (Promega), using 200 mL of the frozen culture stock. PCR amplification of the por gene was performed as described by Thompson et al. [16] , with the following modifications: amplification was done in a 50-mL reaction, using 1 mL of the template DNA, 1 mmol each of forward primer and reverse primer, 300 mmol of dNTP, 5 mL of 10ϫ PCR buffer with MgCl 2 , and 3.3 U DNA polymerase with proofreading enzyme (Expand High Fidelity PCR System; Roche Molecular Biochemicals). The resulting PCR products were then analyzed for product size and concentration with the Agilent 2100 Bioanalyzer (Agilent Technologies), according to the manufacturer's instructions.
Checkerboard hybridization. For each sample, 400 ng of the PCR-amplified genomic DNA was denatured in 1.5 mL of 0.4 M NaOH/0.4 mM EDTA, boiled for 10 min, and then placed on ice. The denatured product was mixed with an equal volume of 1 M Tris (pH 7.5) and applied to a -cm nylon 15 ϫ 15 membrane using a 30-slot vacuum apparatus (Immunetics), after each slot was prewetted with deionized water. The slots were then individually washed with 0.2 M NaOH/0.5 M Tris, and the entire The regions of the protein encoded by these variable regions are shaded in the proposed 2-dimensional models of the porin protein [4] . Conserved membrane-spanning regions are illustrated by the large shaded box.
blot was washed in 2ϫ standard saline citrate (SSC). The resulting bands of DNA were crosslinked to the membrane by UV irradiation (UV Stratalinker 1800; Stratagene).
The blot then was placed on a 45-channel vacuum apparatus (Immunetics), with the channels running perpendicular to the bands of DNA. Each channel was filled with 0.25 M Na 2 HPO 4 / 7% SDS hybridization buffer, and the blot was heated in a 61ЊC oven for ∼10 min. To prepare the probes, an aliquot of heatdenatured probe was added to 500 mL of the phosphate/SDS hybridization buffer, and 110 mL of each diluted probe then was added to individual channels, using every other channel. The blot was then returned to a 59ЊC oven for 3 h. After hybridization, each channel in the apparatus was washed with 2ϫ SSC, followed by 0.1ϫ SSC/0.1% SDS. The blot then was removed from the apparatus and washed in 400 mL 0.1ϫ SSC/ 0.1% SDS for 5 min at room temperature and then in 400 mL 0.1ϫ SSC/0.1% SDS for 20 min at 61ЊC. The blot was washed in 200 mL Tris-buffered saline (TBS; pH 7.5)/3% Tween-20 for 2 min and then blocked in 200 mL TBS/5% nonfat dry milk (BioRad) for 30 min at room temperature or overnight at 4ЊC. Streptavidin-horseradish peroxidase conjugate (Roche Molecular Biochemicals) was then added to 100 mL of blocking solution. The blot was incubated in this conjugate for a minimum of 30 min at room temperature. Incubation for up to 60 min resulted in no change in the assay results. After incubation, the blot was washed twice in 400 mL TBS/3% Tween-20 for 15 min each. The blot was visualized using a chemiluminescent substrate system (Amersham Pharmacia Biotech) and exposure to photographic film for 2-60 min, adjusted on the basis of the intensity of the signal. The blots were stripped in 1000 mL 0.1ϫ SSC/0.5% SDS at 80ЊC for 20 min. All blots were hybridized, stripped, and then rehybridized at least 1 more time, to accommodate the panel of 39 probes (17 PIA and 22 PIB probes). No decrease in signal detection was observed for blots stripped as many as 6 times. Hybridization signals were assessed visually and compared with those of control strains (figure 2).
Nomenclature. Hybridization results for a single VR are referred to as "VR type" and are designated by the Por class, the VR, and the probe-that is, PIA VR1-1 or PIA1-1. In instances in which 11 probe is bound for a single VR, each probe is listed separated by a comma (i.e., PIA VR6-1,4). The "por type" includes results for all VRs tested listed sequentially separated by a semicolon-for instance, PIA 1; 2; 1; 1; 1 refers to a strain hybridizing PIA VR1-1, VR2-2, VR3-1, VR6-1, and VR7-1 probes. "Nt" refers to nontypeable in an individual VR when the current panel of probes was used.
RESULTS
Por VR probe hybridization. Thirty-nine probes were used in the present study: 17 designed for PIA strains and 22 designed for PIB strains. As we gain more experience with the prevalence of certain VR sequences and the interrelatedness of the VR loops, we expect that the number and sequence of the probes may evolve over time and may be adjusted to meet the needs of a particular application. The method can be highly discriminatory. By performing sequence alignment with each probe and each control strain for which we had sequence data and then comparing the signal intensity of the probes with that of the control strains, we found that we were able to identify single base-pair differences. For example, in VR 7, as seen in figure 2 , control strain 909 is designated as a PIB7-1 and is an exact match to that probe, and control strains MS11 and 256 are designated PIB7-3 and also are exact matches. Control strains 9299, 1861, and 5589 are designated PIB7-1,3. These 3 strains differ from probe PIB7-1 by 2 bp and from probe PIB7-3 by 1 bp. This set of probes was equally applicable to samples from each year of study, because there was no increase in the number of strains with nontypeable VRs over time. Por types. In total, we analyzed 282 clinical isolates. There were ∼30 isolates from each year (range, 22-33 isolates; median, 30 isolates) that were selected from either GISP or from other Johns Hopkins University studies. Where possible, consecutive samples from the same period of the year were chosen for analysis. Of the 282 total, we found 63 PIA isolates and 219 PIB isolates. The percentage of strains expressing PIA in the present study was 10%-33%/year.
In 95% (60) of the PIA strains, all 5 VR types were identified using the current panel of PIA probes. Two of the isolates were nontypeable in VR 2, and 1 isolate bound only a VR 3 probe. We found the PIAs in the present study to have limited variability. Ninety percent of the PIA strains tested had 1 of only 4 por types. Furthermore, the most common por type, which accounted for 42% of all the strains tested, was observed in strains from all 10 years; other prominent por types were present for 3-6 years ( figure 3A) .
Among the 219 PIB strains, 216 (99%) had a defined por type. Seventy-eight percent (170) of them were typed for all 5 VRs tested using the current panel of PIB probes. We found far more por diversity in the PIB strains than in the PIA strains. There were 54 different por types identified, with 12.5% of the strains having a por type that was unique. Forty-six isolates (21% of PIB strains) were not typed in 1 of the 5 VRs tested; 13 of these had por type PIB 1;1;Nt;1;3, and 9 had por type PIB Nt;1;2;3;3. The remaining were isolates with uncommon or unique por types. Six isolates (3%) were not typed in 2 of 5 VRs. Three of the isolates (1%) bound multiple dissimilar probes in multiple VRs, which suggests mixed cultures. Despite this diversity, we did find that 150% of the strains over the 10 years had 1 of only 6 por types and that 30% of the isolates had 1 of 2 por types. The third most common por type differs from the most common only by its VR 5 type. Furthermore, of the 3 most common por types, 1 was found in isolates from 9 of 10 years studied, and the other 2 were seen in 8 of 10 years ( figure 3B) .
Analysis of individual VRs. Unlike some of the other typing methods used, we were able to look not only at trends of strain por types but also at trends in sequences of the VRs encoding individual loops of the Por protein. Analysis of the VR types found in the PIA strains that we studied revealed that VRs 2 and 6 were the most variable. PIA VRs 1, 3, and 7 were less variable, and the pattern of VR type distribution was identical ( figure 4A ). An examination of the relationship among VRs 1, 3, and 7 revealed that PIA1-1 occurred only in strains with PIA3-1 and PIA7-1, PIA1-2 occurred only in strains with PIA3-3 and PIA7-3, and PIA1-3 occurred only in strains with PIA3-2 and PIA7-2. Therefore, the PIA VRs encoding loops 1, 3, and 7 did not vary independently among these strains. As with the PIA strains, an analysis of individual PIB VR type illustrated differences between VRs in the amount of diversity observed (figure 4B). PIB VR 5 was the most variable, and 28 strains (13% of PIB strains) were nontypeable in VR 5 using our current panel of probes. VR 3 was the least variable, with all strains hybridizing 1 of 2 probes, VR 3-1 or VR 3-2. VR 3-2 was found in 33% of PIB isolates and in 30% of PIB por types. Of these VR3-2 isolates, 76% had 1 of 2 common por types. In contrast, the more prevalent VR 3-1 isolates were more diverse ( figure 5 ).
In addition, associations between VR types were observed, independently of the frequency of the por type. Analysis of VRs 1, 5, and 6 by VR 3 type for all por types observed over the 10-year period revealed that PIB VR 1-2 and VR 6-5 are associated with VR 3-2 disproportionately in comparison to their association with VR3-1. VR 1-2 was found in 11 (79%) of 14 por types that included VR 3-2 and only 16% of por types that had VR 3-1. VR6-5 was found in 50% of VR 3-2 por types and in 11% of VR 3-1 por types.
DISCUSSION
We have used a novel por VR typing system in the present study to analyze a large number of gonococcal isolates collected over a 10-year period and have shown the method to be rapid, easy to perform and interpret, and consistently applicable over time. The oligonucleotide probes were designed using multiple sequence alignment of sequences in GenBank, predominantly from strains collected over the past 2 decades in the United Kingdom, Southeast Asia, Africa, and North Carolina. Given the geographically diverse assortment of strains used for probe development and our previous experience with strains isolated in diverse geographic locations, we expect the method to also Figure 2 . A checkerboard hybridization with PIB probes is shown. Bands of polymerase chain reaction-amplified por DNA were applied, as shown in the columns, and probes PIB 1-1 through PIB 7-3 were hybridized, as shown in the perpendicular channels. Control columns 1-6 were loaded with 400 ng each of 2 different control strains, a PIA and a PIB. Control column 7 was loaded with 400 ng each of 2 different PIB strains. No difference in signal intensity was seen when controls were combined in this manner. The blot was run twice, with PIA and PIB probes. In this example, control strains and 22 clinical isolates were hybridized with the panel of 22 PIB probes. Different probes have different expected intensities and are compared with controls only within rows. Bands with no signal, such as samples f, j, l, m, and t, are PIA strains.
be applicable to strains collected worldwide [16] . Genetic typing methods have been thought to have the potential for greater differentiation between related strains, but one of the concerns has been that the degree of genetic variation in N. gonorrhoeae over time would make such a system impractical for epidemiological studies [11] . We have not found this to be the case. Using our method, we obtained specific por type information for a large number of strains isolated over a 10-year period in a diverse urban population with a high rate of infection.
Serovar typing has been the primary typing system to date for N. gonorrhoeae. This method is fast and technically simple to perform; however, recent difficulties in obtaining the US panel of MAbs and a switch to non-culture-based diagnostic methods in many clinics may affect the applicability of this method. In addition, information about antibody binding sites for many of the typing MAbs is not available, which limits the amount of information about the Por protein provided by this method. We have shown previously that strains with the same serovar may have potentially important regions of difference and that strains with differing serovars may have many VRs in common [16] .
Opa typing, another method described elsewhere [17] , involves the amplification of the 11 distinct opa genes found in each gonococcus, followed by restriction-enzyme digestion and comparison of the resultant restriction fragments. This method is highly discriminatory. Because of the dynamic genetic variation that occurs in N. gonorrhoeae, opa profiles can rapidly evolve. O'Rourke et al. [17] found that, with few exceptions, At left, the percentage of strains with specific por types is shown. Strains with por types that were unique or observed infrequently (р1% of the total number of PIB strains) were grouped together. The 6 most common por types observed are indicated in the key shown at the bottom right, and these por types, as a percentage of the PIB strains by year, are shown on the right. The percentage of PIB strains in each year that had a por type that was seen in р1% of PIB strains overall is indicated by the line graph.
only isolates from sex partners or a short chain of disease transmission had identical opa types. For some studies, this method may be too discriminatory and may not identify longer transmission chains. In addition, comparing results from large numbers of isolates or results from different laboratories can be difficult [11] .
Control of disease caused by N. gonorrhoeae depends partly on the ability to identify patterns of transmission. To do this, a marker for strain classification that is stable during an infection but is diverse between strains must be used. Por, unlike other markers used, such as pili, opa proteins, and lipooligosaccharides, does not undergo antigenic variation during an infection [18] . A recent study by Viscidi et al. [15] found por sequencing to be a useful and highly discriminatory tool for the epidemiological evaluation of sexual contacts. Our por VR typing method provides an approximation of the sequence and has the flexibility to be performed in laboratories where the sequencing of large numbers of strains is not possible. The sequence of the por gene or even portions of the gene of strains found to have nontypeable regions can be determined and additional probes designed as needed. In the present study, por types PIB 1;1;Nt;1;3 and PIB Nt;1;2;3;3 were identified in 13 (6%) and 9 (4%) of PIB strains. The VR 5 and VR 1 regions from several representative strains will be sequenced to examine these groups of strains and to assess the utility of additional probes. In addition, por VR typing and por sequencing are easily comparable, which allows the communication of study findings between laboratories using different methods. por VR typing is a method that can be used easily by laboratories with a range of technical capabilities and provides detailed information about the molecular epidemiology of gonococcal por in a community.
Maslow et al. [19] has proposed criteria to be used for evaluating typing systems. These include typeability (the ability to obtain an unambiguous result), reproducibility, discriminatory power, ease of interpretation, and the degree to which it is rapid, inexpensive, and technically simple. In the present study, por typing provided consistent results that were easily interpretable and did not vary among multiple investigators. In an earlier study that used PIB probes to VRs 1, 5, and 6, the discriminatory power of por VR typing was greater than sero- var typing but less than opa typing [16] . Additional studies are necessary to better evaluate this method's discriminatory power in relation to other typing systems. In addition, various typing methods may have both advantages and limitations, depending on the purpose of the study in which they are used. We used por VR typing to examine the diversity of the porin protein in gonococcal strains in a community over time. Greater experience is needed with both por sequencing and por VR typing, to better understand their utility in other applications.
Previous studies have indicated that the 2 por alleles, PIA and PIB, differ in their degree of genetic diversity [20] and their relative frequency, and our findings are consistent with this. Among the PIAs we examined, which made up 22% of the total strains, 1 por type was predominant throughout the 10-year study period, whereas other por types were observed in this sample for 2-6 of the 10 years.
The PIBs, as expected, showed far greater diversity, with 54 different por types identified among 216 strains. However, a significant portion of the strains had one of the relatively common por types, and these common types persisted over the 10 years. These data appear to be consistent with previous reports that have found "persistent" and "transient" strains in a population [21] . The persistence of several common por types over an extended time may suggest some restrictions, either through immune pressure or from structural or functional properties, on the diversity of por. Given the panmictic nature of N. gonorrhoeae, we cannot assume that the persistence of por types indicates persistence of the same strain. One unexpected finding was an increase in the diversity of por types noted in 1993, the first year for which we analyzed non-GISP isolates. To examine whether this observation was due to differences in study collection (sampling differences), additional strains from 1992 and 1993 collected for studies other than GISP were typed, and a similar increase in diversity in 1993 was observed (data not shown). The present study and earlier studies of sampling methods for gonococcal populations support our methods [22, 23] . Although our study could not identify the causes for increases in por diversity, this observation coincides with a reorganization of public housing, clinical service reductions, and an increase in syphilis in Baltimore and may be the result of shifts in the populations visiting the clinics and, potentially, in contact exposures [24] .
In addition to the persistence of some por types over time, limited variability was observed in individual VRs. For several VRs, 1 or 2 VR types were seen in the majority of strains. We also found associations between VRs that have not been described previously. PIA VRs 1, 3, and 7 did not vary independently. There were similar, although less apparent, associations among several of the PIB VRs. These VRs are not adjacent to each other on the gene and would not necessarily undergo genetic exchange together, which suggests that there might be structural or functional issues that favor these VR combinations.
The future control of gonococcal disease may depend on vaccine development. We observed that, although there is a large amount of porin variability, particularly among the more prevalent PIB strains, common por types, which were stable over time, were identified in a substantial proportion of strains. Furthermore, the por types of many strains differed from these common por types by only 1 or 2 VRs. There was limited variability among individual VRs, as well as apparent links between VRs. Further study of strains collected from multiple other geographic regions is needed; however, these findings suggest that vaccines targeting a limited number of Por protein epitopes could potentially protect against a majority of strains. The fact that the set of probes used in the present study was able to type a 10-year span of isolates suggests that genetic mosaicism, as opposed to mutational events, is responsible for the majority of Por diversity. Further investigation of the immune responses to Por, especially to specific individual loops, may provide insight regarding the potential protective effect of porin-based vaccines.
In summary, por VR typing was used to analyze almost 300 strains from a single geographic area with a high prevalence of N. gonorrhoeae. In addition to showing the utility of this new method in typing a large number of isolates, we have characterized the variability of por over time, described the diversity of individual VRs, and observed relationships among VRs that may suggest a functional or structure-based restriction in Por variability. Additional studies are planned, including applying this method to strains from different geographic regions.
